The marine fate and pelagic food chain transfer of three cyclic volatile methyl siloxanes 26 (cVMS: D4, D5 and D6) was explored in the Inner Oslofjord , Norway, using two 27 dynamic models (the Oslofjord POP Model and the aquatic component of ACC-28 HUMAN). Predicted concentrations of D4, D5, and D6 in the water column were all less 29 than current analytical detection limits, as was the predicted concentration of D4 in 30 sediment (in agreement with measured data). The concentrations predicted for D5 and D6 31 in sediment were also in broad agreement with measured concentrations from the Inner 32 Oslofjord. Volatilisation was predicted to be the most important loss mechanism for D5 33 and D6, whereas hydrolysis was predicted to dominate for D4. Concentrations of all three 34 compounds in sediment are controlled by burial below the active mixed sediment layer. 35 The marine food web model in ACC-HUMAN predicted "trophic dilution" of lipid-36 normalised cVMS concentrations between zooplankton and herring (Culpea harengus) 37 and between herring and cod (Gadus morhua), principally due to a combination of in-fish 38 metabolism and reduced gut absorption efficiency (as a consequence of high KOW). 39 Predicted D5 concentrations in herring and cod agree well with measured data from the 40 inner fjord, particularly when measured concentrations in zooplankton were used to set the 41 initial dissolved-phase aqueous concentrations. Predicted concentrations of D4 and D6 in 42 fish were over-and under-estimated by the modelpossibly due to extrapolation of the 43 metabolism rate constant from D5. 44 45 Key Words: cyclic volatile methyl siloxanes, trophic transfer, model 46 47 48 Cyclic volatile methyl siloxanes (cVMS) are used in a wide range of personal care 49 products (e.g. Horii and Kannan, 2008). Recently, concerns have been raised about their 50 environmental profile (e.g. Brooke et al., 2008a, b, c), particularly their potential for 51 environmental persistence and bioaccumulation. They are relatively long lived in water 52 because they are not biodegradable, although they do undergo acid-and base-catalysed 53 hydrolysis with estimated half lives ranging from a few hours to a few hundred days, 54 depending on the compound, pH and temperature (e.g. Brooke et al., 2008 a, b, c). cVMS 55 compounds have very high air : water partition coefficients and they tend to partition to 56 the atmosphere (Whelan et al., 2004; Price et al., 2010) where they can potentially be 57 transported over long distances (McLachlan et al., 2010). Once airborne, they are unlikely 58 to repartition appreciably to surface media (Wania, 2006) and are broken down primarily 59 by reaction with OH radicals to silanols, which are more water-soluble (Whelan et al., 60 2004) and are eventually mineralised to SiO2, CO2 and water. A fraction of the chemicals 61 used in personal care products will be transferred to waste water. In waste water treatment 62 plants (WWTPs), cVMS compounds are likely to sorb significantly to sludge solids and to 63 partition to the atmosphere, owing to their unusual combination of hydrophobicity and 64 volatility. However, a small fraction of the influent load will be emitted to surface waters 65 in treated effluent (Sparham et al., 2008; Price et al., 2010). The fate of cVMS 66 compounds in freshwater environments has been discussed by Whelan et al. (2009; 2010) 67 and by Price et al. (2010). However, to date, there has been little consideration of the fate 68 of these chemicals in marine systems. 69 70 4
where HLe,corr is the corrected half life, HLe is the temperature-and pH-adjusted half-life 117 and fdiss is the fraction of total mass predicted to be in the dissolved phase: where CSS is the steady state concentration of suspended solids in the water column (kg L -122 1 ), fOC is the fraction of organic carbon in the water column (g C g -1 solid) and KOC (L kg -1 ) 123 is the organic carbon:water partition coefficient (derived from the temperature-adjusted 124 value of KOW). This ignores sorption to dissolved organic carbon (DOC) which can limit 125 volatilisation in freshwaters (Whelan et al., 2009; 
(3) 161 162 where VF is the volume of fish (m 3 ), Z is the fugacity capacity (mol m -3 Pa -1 ), f is the 163 fugacity (Pa), D refers to chemical transport or degradation per unit fugacity (mol Pa -1 h -164 1 ), subscripts F, W, V, M, UF and prey refer to fish, water, ventilation, metabolism in fish, 165 uptake via food and prey (zooplankton in the case of herring; zooplankton, herring and 166 small cod in the case of cod) respectively, EOF is the gut absorption efficiency (fraction of 167 ingested chemical which is absorbed: dimensionless) and QF is the egestion factor (ratio of 8 D-values for ingestion and egestion: dimensionless). Note that EOF for fish is described by 169 the following empirical equation (Niimi and Oliver, 1983; Clark et al., 1990) A distinguishing feature of ACC-HUMAN is the fact that it considers several different age 177 classes of fish simultaneously. There are ten age classes for herring and ten for cod, with 178 fish moving between age classes on the first of March each year. New fish develop from 179 eggs with the same initial fugacity as the mother fish. At the very start of the simulation, 180 there are no mother fish and the eggs are assumed to have the same fugacity as the water. 181 The rate of food ingestion is assumed to be a function of fish species and fish age. 182 However, no account is taken of potential changes in metabolism rates with age or body 183 size (e.g. Nichols et al., 2007; Arnot et al., 2008) . Cod are assumed to eat a varied diet 184 consisting of zooplankton and a distribution of different age classes of herring, as well as 185 some small cod. Fish growth is described using an empirically-fitted modified 186 Bertalanffy growth equation (see Czub and McLachlan, 2004a Durham, 2007; Miller and Kozerski, 2007; Whelan et al., 2009; In all cases, simulations are assumed to start in the year 1998 and to run (arbitrarily) for 40 282 years. Emission is assumed to be constant for any single year. Emissions for each 283 chemical are assumed to be at the rate shown in Table 2 for the first twenty years (to the 284 end of 2017), after which emission is assumed to cease completely (2018-2037), in order 285 to evaluate the rate at which each chemical is expected to clear from the system. Predicted concentrations in sediment ( Figure 3) well, and since emissions of these compounds appear to be approximately consistent with measured data (Table 3) The prediction of trophic dilution for the cVMS compounds in marine biota generated by 436 ACC-HUMAN can be explained by two main factors: (1) where CZ is the concentration in zooplankton (ng g -1 lipid) and  is the density of lipid 488 (assumed to be 800 kg m -3 in ACC-HUMAN). Note that here we make no correction for with KOW temperature-adjusted to 5 °C) are shown in Figure 5 . In all cases, a value of 4 x 500 10 -4 h -1 was assumed for the metabolism rate constant in both herring and cod, 501 respectively, in the absence of definitive substance-specific rate constants for D4 and D6.
502
Other unpublished industry data tend to confirm this assumption for D4, although it is 503 believed that the metabolism rate constant for D6 may be lower than for D5 (Woodburn et 504 al., 2008) . Unsurprisingly, the predicted concentration in zooplankton matches the 505 measured data well for all three compounds since the starting concentrations in water were 506 derived from the measured data. However, the predicted concentrations for fish are also a 507 much better match compared with Figure 4 . This is particularly the case for D5, where the 508 model captures the measured concentrations (indicated with symbols) well. For D4, the 509 model underestimates the extent of trophic dilution apparent in the measured data for 510 herring and cod and for D6 the extent of trophic dilution is over-predicted. This may be 511 due to the assumption of the same metabolism rate constant in fish as that derived from 512 the industry fish feeding study for D5 (Domoradzki et al., 2006) . Model predictions for PCB congeners 522 In order to benchmark the predicted behaviour of cVMS compounds against the predicted 523 behaviour of known POPs, the ACC-HUMAN model was run for seven PCB congeners 524 (PCBs 28, 52, 101, 118, 138, 153 and 180 metabolism assumption are shown in Figure 6 . As expected, in all cases, the predicted 540 concentrations in both fish species were higher than the concentration predicted for 541 zooplankton. Similarly, in all cases (including PCB 28: data not shown), the chemical 542 concentration in cod is predicted to be higher than the concentration in herring. This is in broad agreement with observed trophic magnification for many hydrophobic persistent 544 organic pollutants (e.g. Fisk et al., 2001; Mackintosh et al., 2004; Sobek et al., 2010) . As 545 expected, the concentration predicted in all organisms for the different congeners increases 546 with increasing KOW value. It should be noted that in the case of zero metabolism, the mix of herring and cod age 551 classes assumed in the diet of the cod plays a very important role in determining the size 552 and direction of trophic magnification. When a simple diet for cod is assumed (50% 553 zooplankton, 50% 1 st age class herring) trophic dilution is predicted between herring and 554 cod for PCBs 118, 138, 152 and 180 (data not shown). This is because both zooplankton 555 and young herring are predicted to have much lower lipid-normalised chemical 556 concentrations than older fish, which, in turn means that the total chemical intake via food in sediment were also in broad agreement with data from two independent monitoring 584 campaigns (Schlabach et al., 2007; Powell et al., 2010) . Volatilisation was predicted to be 585 the most important loss mechanism for D5 and D6. Hydrolysis was predicted to be the 586 most important loss mechanism for D4. Concentrations of all three compounds in 587 sediment are controlled by burial below the active mixed sediment layer.
589
When dissolved-phase cVMS concentrations in water were imported into ACC-HUMAN, 590 "trophic dilution" was predicted, for all three compounds, between zooplankton and 591 herring and between herring and cod. This was largely due to fish metabolism, 592 exacerbated by high KOW values, which reduce gut uptake efficiency. Some organisms at 593 higher trophic levels (e.g. mammals, birds) may not exhibit reduced gut absorption 594 efficiency for hydrophobic chemicals (e.g. Kelly et al., 2004) . However, the high KAW and relatively low KOA values for cVMS compounds suggest that they will be eliminated 596 effectively via the lungs in air breathing organisms (see also Andersen et al., 2008) , 597 thereby further reducing the potential for biomagnification, in contrast to the behaviour of 598 other hydrophobic compounds in these organisms (Kelly et al., 2007) . 
